When families in the math group used the app the least (Bin 0), children with high-math-anxious parents grew significantly less in math achievement by the end of the school year relative to children with low-math-anxious parents ½b 20 ¼ −7:94; t ¼ −2:42; P ¼ 0:02 ( Fig. 2 and Model S5). Strikingly, using the math app mitigated this negative relation between parents' math anxiety and children's math achievement. When families used the app on average once a week or more, children with high-math-anxious parents made gains in math achievement by the end of the school year that did not significantly differ from those made by children with low-math-anxious parents {Bin 1: ½b 20 ¼ 3:44; t ¼ 1:53; P ¼ 0:13; Bin 2+: ½b 20 ¼ −3:60; t ¼ −1:21; P ¼ 0:23} (Model S5).
This work was funded by an Overdeck Family Foundation grant to S.L.B. and S.C.L. The chair, Laura Overdeck, established the Bedtime Math Foundation-a nonprofit, 501(c) (3) organization that produces the Bedtime Math App. None of the authors have a financial interest in Bedtime Math. The BLT app, written for Apple iOS8, is freely available on request to S.L.B. The supplementary materials contain additional data. The BLT reading and math app can be accessed from an Apple iPad, iPod, or iPhone at URL app itms-services://?action=download-manifest&url=https://appbuilds.uchicago.edu/ios/bedtimemathstudy/BLT.plist; Reading code: 55dc86e7c9; Math code: 55dc8695c7. We thank S. Raudenbush for providing HLM consultation. Table S1 Models S1 to S8 Accessory Data File S1 Cellulose biosynthesis in plant secondary cell walls forms the basis of vascular development in land plants, with xylem tissues constituting the vast majority of terrestrial biomass. We used plant lines that contained an inducible master transcription factor controlling xylem cell fate to quantitatively image fluorescently tagged cellulose synthase enzymes during cellulose deposition in living protoxylem cells. The formation of secondary cell wall thickenings was associated with a redistribution and enrichment of CESA7-containing cellulose synthase complexes (CSCs) into narrow membrane domains. The velocities of secondary cell wall-specific CSCs were faster than those of primary cell wall CSCs during abundant cellulose production. Dynamic intracellular trafficking of endomembranes in combination with increased velocity and high density of CSCs, enables cellulose to be synthesized rapidly in secondary cell walls.
C ellulose, the most abundant biopolymer on Earth, is a key biomechanical component of land plants and a valuable natural resource. Cellulose in the primary cell wall, which is laid down during plant growth, determines plant shape (1). However, the bulk of terrestrial biomass is composed of the cellulose in secondary cell walls, which are laid down after the cell has stopped growing to strengthen plant vasculature and structure (2) . The strength of these walls is derived from the organization of cellulose microfibrils, which, relative to primary cell walls, possess cellulose with a higher degree of polymerization, increased microfibril crystallinity, and a higher degree of microfibril organization (2, 3) .
Cellulose is synthesized at the plasma membrane by cellulose synthase (CESA) enzymes that are organized in multiprotein cellulose synthase complexes (CSCs) (4) . In Arabidopsis thaliana, 10 CESA isoforms exist, with CESA1, CESA3, and CESA6 involved in primary cell wall synthesis (5, 6) , and CESA4, CESA7, and CESA8 required for secondary cell wall production (7) . At least three distinct isoforms are required for normal cellulose production (5-7). Live-cell imaging of primary cell wall CSCs clearly shows CESA velocity and distribution at the plasma membrane as well as intracellular trafficking (8) (9) (10) . Secondary cell walls are produced in vasculature and fibers deep within plant tissues, limiting the resolution of live-cell imaging (11, 12) . Here, we visualized cellulose synthesis in secondary cell walls using fluorescently tagged CESA7 in a unique system where live epidermal cells are induced to form secondary cell walls ectopically (13) .
Arabidopsis plants were engineered to constitutively express a transcription factor controlling xylem tracheary element cell fate, VASCULAR NAC-DOMAIN7, fused to a glucocorticoid receptor (VND7::GR). When these plants are exposed to a glucocorticoid hormone such as dexamethasone, cells are induced to become protoxylemlike tracheary elements (13) . After induction, the secondary cell wall cellulose synthase genes were transcriptionally up-regulated by a factor of 1.5 to 3.0, whereas primary cell wall-related cellulose synthase genes were transcriptionally unaffected (table S1). Although it is not possible to know whether the VND7::GR levels in these plants are comparable to endogenous VND7 in protoxylem tracheary elements, the induced cells have features typical of developing protoxylem, such as secondary cell wall thickenings alternating with primary cell wall domains, in spiral or annular patterns. To investigate cellulose deposition, we crossed plants carrying the VND7::GR induction system with cesa7/irx3-4 null mutants complemented with a functional fluorescently tagged CESA7 (YFP:: CESA7) driven by its native promoter ( fig. S1 ). Fluorescent signal from CSCs was detectable in induced epidermal cells, although identification of individual plasma membrane-localized CSCs was possible only with the use of an optimized spinning disk confocal imaging system (optimization parameters are described in fig. S2 ).
Use of this optimized system permitted the visualization of discrete YFP::CESA7 particles in the plasma membrane of induced protoxylem tracheary elements (Fig. 1) . Their linear movement at slow and steady velocities meets the criterion of actively synthesizing CSCs (movie S1) (8) (9) (10) 14) . CSCs moved in a bidirectional fashion along plasma membrane domains underlying secondary cell wall thickenings. Relative to labeled primary cell wall CSCs (8-10), secondary cell wall CSCs showed a higher density at the plasma membrane, with overlapping signals from individual particles largely indistinguishable over extended areas (Fig. 1, B and C, and fig. S3 ). Moreover, CSC distribution changed over the course of secondary cell wall development. Early in development, SCIENCE sciencemag.org CESA7 signal was observed across the plane of the plasma membrane on tracks defined by bands of microtubules forming in the cell cortex (Fig. 1A , merged image, and table S2). As secondary cell wall synthesis progressed (Fig. 1B) , CESA7 signal was enriched in regions of the plasma membrane associated with tight bundles of microtubules (Fig. 1B and table S2 ) (15) . In late secondary cell wall development (Fig. 1C ), the YFP::CESA7 signal was apparent as U-shaped plasma membrane furrows curving around the secondary cell wall thickenings. The majority of the CESA7 signal was evenly distributed and restricted to these curved domains (Fig. 1C, inset ). When VND7::GRinduced cells were cryofixed and examined by transmission electron microscopy (TEM), tangential sections along the cell surface revealed the curved domain of plasma membrane around secondary cell walls, as well as their associated microtubules in the cell cortex (Fig. 1D) .
The rate of cell wall deposition is the consequence of both the concentration of CSCs and the rate at which each CSC produces cellulose. The importance of the restriction of the CSCs to the curved membrane domains is that cellulose deposition is concentrated in a discrete area of intense production. Such concentration may help to explain why secondary cell walls are synthesized more quickly than primary cell walls (16) . With live-cell imaging, we measured deposition rates of individual CSCs. We assumed that CSC movement through the plasma membrane is a function of glucan chain biosynthesis and its subsequent crystallization into cellulose microfibrils, such that faster CSC velocities would reflect faster rates of synthesis (3, 17) . To facilitate this comparison, we quantified the velocities of YFP::CESA7-labeled CSCs at the cell membrane and primary cell wall CSCs (GFP::CESA3) (9, 10) under identical growth and imaging conditions, alternating data collection between plant lines in an imaging session to control for possible environmental effects (Fig. 2) . Time projections over a 5-min data collection period showed CSC tracks across the plasma membrane (Fig. 2, A and B) . These tracks defined lines for kymograph analysis of particle velocity. In primary cell wall CSC kymographs, the tracks of each GFP::CESA3 were distinct ( Fig. 2A) . The tracks of CESA7 were more difficult to discern because of their higher density ( Fig. 2B and fig. S3 ). The slope of the lines in the kymograph (Fig. 2, A and B, arrows) represents the CSC velocities, with steeper slopes indicating faster CSC movement (more displacement on the spatial axis). The average velocity of CESA7-containing CSCs producing secondary cell walls was 265 ± 75 nm/min [mean ± SD, n = 36 cells (40 CSCs per cell) from 12 plants] (Fig. 2D) . Velocity changed over the course of protoxylem differentiation, which was divided into stages according to microtubule banding and secondary cell wall features. Average CESA7 velocity was 293 ± 29 nm/min during early development, 327 ± 37 nm/min during mid-development, and 187 ± 38 nm/min during late development (Fig. 2E) . In contrast, primary cell wall CESA3-containing CSCs displayed an average velocity of 231 ± 34 nm/min (n = 12; 4 cells from 4 plants; Fig. 2C ). Analysis of variance (ANOVA) identified significant variation among conditions (F 3,44 = 38.7, P = 2.133 × 10
−12
). Post hoc Tukey's pairwise comparison tests indicated that primary cell wall CSC velocity was significantly different from all stages of secondary cell wall development. Secondary cell wall CSC velocity did not differ significantly between early and mid-development, but both were significantly different from late development (P < 0.01; Fig. 2E ). This illustrates that secondary cell wall CSCs move more rapidly in the plane of the membrane during peak secondary cell wall synthesis, then slow as the cell nears maturity, prior to programmed cell death. Thus, both the high density and high velocity of synthesis by individual CSCs contribute to rapid cell wall synthesis during secondary cell wall formation.
Previous studies examining fluorescently tagged secondary cell wall CESAs, visualized through layers of tissue to the center of the root, could not resolve CSCs at the plasma membrane, although these authors made contributions to understanding the trafficking of CSCs in intracellular endomembranes (11, 12) . The authors described "CESA7-containing organelles" actively streaming through the cytoplasm and pausing at domains of secondary cell wall deposition (12) . However, because of technical limitations, the nature of the organelles was not clear. In the induced protoxylem tracheary element system of the VND7::GR lines, we found that the CESA7-containing organelles were both small CESA-containing compartments (SmaCCs) (10) and Golgi ( Fig. 3 ; red arrows in movie S2). SmaCCs were both Golgi-independent SmaCCs (blue arrows in movie S3) and Golgiassociated SmaCCs (yellow arrows), and their behaviors were most easily identified using fluorescence recovery after photobleaching (FRAP) (Fig. 3, A and B, and movies S3 and S4) . After bleaching the bright plasma membrane-localized CSC signal, both SmaCCs and Golgi repopulated the underlying cytoplasm (Fig. 3A) . Golgi and SmaCCs often moved in a coordinated fashion (movie S3; 40 ± 15% of SmaCCs were associated with Golgi, n = 3 cells), and frequently Golgi and associated SmaCCs would pause (ranging from 15 s to 3 min) at secondary cell wall domains, consistent with previous observations (12) . When the Golgi moved on, a CSC signal would persist and split within 70 ± 20 s (n = 8 events; Fig. 3B and movie S4). This stationary signal followed by slow steady movement (280 ± 30 nm/min, n = 16 particles) fits the criterion for an insertion event of multiple CSCs into the plasma membrane, as defined for primary cell wall CSCs (10). We were unable to quantify the number of insertion events at secondary cell wall domains. However, it was SCIENCE sciencemag.org apparent that CSC insertion events were restricted to thickenings (in 12 photobleached regions of 10 mm 2 in six cells, no CSC inserted in plasma membrane regions between thickenings), hence the targeting of these events is tightly limited to secondary cell wall domains. TEM of induced developing protoxylem cells revealed several vesicle populations associated with Golgi that may carry CSCs, including trans-Golgi networks, secretory vesicle clusters, and larger vesicles lacking internal content (Fig. 3C) . High-resolution live-cell imaging of CESA7-containing organelles demonstrates the dynamic exchange of CSCs among the Golgi, SmaCCs, and the plasma membrane associated with microtubule bands.
Previous studies of primary cell wall CSCs showed that disruption of cortical microtubules did not affect the rate of insertion of CSCs into the plasma membrane (10), although CSC distribution over the membrane was transiently disorganized (9, 10) . To test the effect of loss of microtubule bundles on secondary cell wall CSC insertion events, we measured the velocities and trajectories of CESA7-containing CSCs in the VND7::GR induction system after oryzalin treatment. In contrast to the dimethyl sulfoxide (DMSO) control (Fig. 4A) , where the tracks of CSCs were restricted to the secondary cell wall bands, the plasma membrane-localized CSCs in oryzalintreated cells were disorganized ( Fig. 4A and movie S5). These CSC clusters were similar to the "swarms" of primary cell wall CSCs described after treatment with an intermediate (8) but not higher (18) concentration of oryzalin. In the absence of microtubule bands, the velocity of secondary cell wall CSCs at the plasma membrane was unaffected (313 ± 41 nm/min for control, 324 ± 33 nm/min for oryzalin-treated; n = 12 cells from 4 plants for each; Fig. 4B ) while CSC insertion events continued ( Fig. 4C and movie S6 ). Oryzalin treatment also did not affect the total cellulose content produced by the differentiating cells ( fig. S4 ). In contrast, inhibiting cellulose biosynthesis with 2,6-dichlorobenzonitrile (DCB) treatment influenced only cellulose deposition, while microtubule formation was unaffected ( fig. S5) . Therefore, the banded microtubule pattern is independent from secondary cell wall formation, and although microtubules are important for the overall secondary cell wall banding pattern, they are not necessary for CSC delivery from endomembranes to the plasma membrane, nor for reaching peak CSC velocity.
We attribute the rapid formation of the secondary cell wall to both increased concentration and velocity of CSCs at the plasma membrane. Secondary cell wall CSCs are delivered to these domains by populations of Golgi-associated and independent SmaCCs. These insertion events are associated with, but do not require, microtubule bundles underlying secondary cell wall domains. These secondary cell walls provide structural support and the water-conducting functions necessary for plants to inhabit land. These data provide important insights into how land plants produce secondary cell walls with the ultrastructural features required for upright growth. 
*
Strigolactones are naturally occurring signaling molecules that affect plant development, fungi-plant interactions, and parasitic plant infestations. We characterized the function of 11 strigolactone receptors from the parasitic plant Striga hermonthica using chemical and structural biology. We found a clade of polyspecific receptors, including one that is sensitive to picomolar concentrations of strigolactone. A crystal structure of a highly sensitive strigolactone receptor from Striga revealed a larger binding pocket than that of the Arabidopsis receptor, which could explain the increased range of strigolactone sensitivity. Thus, the sensitivity of Striga to strigolactones from host plants is driven by receptor sensitivity. By expressing strigolactone receptors in Arabidopsis, we developed a bioassay that can be used to identify chemicals and crops with altered strigolactone levels.
S trigolactones are small molecules that act as endogenous plant hormones to influence plant growth and development (1, 2) . Unlike other plant hormones, multiple forms of bioactive strigolactones exist and vary in moieties attached to the A and B rings as well as the orientation of the D ring ( fig. S1) (2) . Aside from their hormonal role, strigolactones are also exuded through roots into the soil, where they act as exogenous signals to attract mycorrhizal fungi for a symbiotic interaction that brings nutrients to the plant (3). Unfortunately, parasitic plants of the Striga, Phelipanche, and Orobanche genera also use root-emitted strigolactones to locate a nearby host (2) . Upon perception of strigolactones produced by host plants, seeds of parasitic plants germinate. Resulting seedlings attach themselves to the host to deplete them of nutrients with devastating consequences. In sub-Saharan Africa alone, Striga has infested up to two thirds of the arable land and represents the largest challenge to food security on that continent, affecting more than 100 million people in 25 countries (4) . A mechanistic understanding of strigolactone synthesis and signaling particularly in Striga could open avenues for pest control.
Studies from model plants suggest that a family of related a/b hydrolases is central to strigolactone perception. For example, D14 (DWARF14) is a strigolactone receptor important for shoot branching in rice (5-7). A related a/b hydrolase gene, HYPOSENSITIVE TO LIGHT/KARRIKIN INSENSITIVE2 (HTL/KAI2), herein designated HTL, has been shown to play a role in Arabidopsis germination (8) . Because Striga requires strigolactones to germinate, by inference HTL homologs may have similar roles in parasitic plant species. Arabidopsis HTL, however, binds a smoke-derived germination stimulant, karrikin (9) . In contrast, Striga does not germinate in response to karrikin but is sensitive to picomolar concentrations of strigolactones (10) . Moreover, Striga appears to differentiate among hosts by sensing different combinations of strigolactones (10) . Because Striga hermonthica (Striga) is an obligate and outcrossing hemiparasite, the functional roles of Striga HTL/KAI2 homologs (ShHTLs) in strigolactone perception are difficult to elucidate. Here, we describe the roles of ShHTLs in strigolactone perception.
Phylogenetic analysis of public databases led us to identify a nested clade of 11 HTL homologs in Striga (Fig. 1A) . To analyze the function of these ShHTL genes, we expressed each of the 11 ShHTLs individually in an Arabidopsis lossof-function HTL/KAI2 mutant (htl-3) background and assayed for germination phenotypes. Seeds of the Arabidopsis ecotype Columbia germinate poorly after exposure to high temperature, but this thermoinhibition is alleviated by strigolactone addition (11) . The strigolactone-dependent rescue of thermoinhibited seeds requires a functional AtHTL gene, which provided the basis for introducing ShHTL genes into an htl-3 genetic background. We monitored the functional activity of these genes by assaying for suppression of thermoinhibited seeds. Thermoinhibited htl-3 seed constitutively overexpressing AtHTL driven by the 35S promoter germinated upon addition of a synthetic strigolactone, GR24 ( fig.  S2) . Similarly, thermoinhibited htl-3 seed containing different ShHTL transgenes germinated on GR24 to varying degrees, depending on the transgene ( fig. S2) . To compare lines, we determined the effective concentration of GR24 required for 50% germination (EC 50 ) of transgenic seed (fig. S3 ). The EC 50 of a transgenic line overexpressing AtHTL is lower than that of the wild type, indicating increased strigolactone responsiveness (Fig. 1B) . In contrast, ShHTL1, ShHTL2, and ShHTL3 expression lines were less responsive to GR24 compared with either wild type or misexpressed AtHTL seed (Fig. 1B) . ShHTL8 and ShHTL9 transgenics were less
